In this study we wanted to examine how an adult neuroretina from an animal with an eye similar to the human one survives in vitro. We also wanted to investigate how the culture process affects the adult retina when used in a transplantation paradigm. Full-thickness neuroretinal sheets from adult porcine eyes were dissected into pieces measuring 3 mm in diameter. These were kept in culture for 1-3 days. After this time, the explants were fixed or transplanted subretinally to adult pigs, which were killed after 72-74 days. Transplanted eyes, as well as tissue kept in culture only, were processed for hematoxylin and eosin staining and immunohistochemistry. Explants kept 1 day in vitro (DIV) displayed the normal morphology. In these specimens, single pyknotic cells were evident in the outer nuclear layer (ONL) and ganglion cell layer, but were more frequent in the inner nuclear layer (INL). After longer times in vitro, severe degenerative changes appeared. Transplanted explants kept 1 DIV prior to transplantation exhibited normal retinal lamination in two out of four specimens. Transducin and recoverin labeling revealed photoreceptors with inner segments in these grafts. Rod bipolar cells displayed a normal morphology. Vertically arranged Müller cells were also seen in the laminated grafts. Two of the three transplants kept 2 DIV displayed minimal lamination. Eyes with transplants kept 3 DIV prior to transplantation displayed degenerated grafts in all eyes. This study shows that adult porcine neuroretinal explants kept in culture for 1 day display a normal morphology in their major part. Additionally, 1-day explants can survive transplantation with retained morphology even after several months. This indicates the possibility of storing adult donor tissue between harvest and transplantation. The culture system may also be used in the future as a tool for manipulating retinal donor tissue prior to transplantation.
INTRODUCTION
tice. Transplantation of adult neuronal tissue has previously been associated with poor graft survival (1, 27) .
In contrast, we have previously shown that adult donor For a number of years experiments involving retinal transplantation have been performed in the laboratory tissue can be used for retinal transplantation in the rabbit eye if the neuroretina is kept as a full-thickness sheet, and the clinic, in an attempt to restore the degenerated retina in retinitis pigmentosa and age-related maculo-handled with great care, and transplanted within 8 h. Such grafts survive and retain their laminated morphol-pathy (2,4, 10, 18) . Different models of retinal grafts have been used in the transplantation paradigm ogy for an extended period of time (28) .
In the present study, we wanted to extend our earlier (e.g., transplants of cell suspensions, fragmented transplants, and full thickness neuroretinal transplants) (10, results from the rabbit eye to include an eye more similar to the human one. The porcine eye is of a size com- 14, 17) .
In almost all retinal transplantation experiments, im-parable to the human eye, and also features a fully developed retinal vasculature and an area centralis where mature donor tissue derived from embryos, fetuses, or newborn animals has been used. In the clinical setting, cones are concentrated (16) . Our goal was twofold. Firstly, to study dynamic mor-however, access to immature human donor tissue is limited, and investigating other sources, such as adult reti-phological changes in the adult porcine retina when kept under culture conditions and, secondly, we wanted to nal grafts, may be of value. Adult donor tissue is today available for transplantation of various organs, which, in see if the cultured retina could be transplanted and survive for an extended period when transplanted to its ophthalmological practice, has enabled corneal transplantation to evolve from the laboratory to clinical prac-proper environment in vivo.
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MATERIALS AND METHODS
A second retinotomy was then made to provide a valve. The donor tissue was transferred from the culture system Tissue Culture within a glass cannula to an embryonic cryodish filled Six normal Yorkshire/Hampshire pigs, aged 3 months, with Ames solution. The Ames solution was exchanged were euthanized by means of captive bolt and incision several times, to ensure that no culture medium reof the carotid arteries. The 12 eyes were enucleated and mained with the explant. The graft was drawn into a immediately immersed in CO 2 -independent medium glass cannula. The cannula was introduced into the eye, (Gibco, Paisley, UK) and rinsed to remove excessive and advanced until its tip was adjacent to the first retinotissue. The anterior segment was removed by sharp incitomy. The graft was then eased out, by air pressure, into sion in the pars plana 360°. One eyecup was fixed imthe subretinal space. The time period from taking the mediately without dissection of the neuroretina. The donor tissue from the culture to transplantation varied neuroretina, from the remaining 11 eyes, was carefully from 20 to 60 min. dissected free by gently teasing it from the retinal pigment epithelium using microforceps and cutting at the Postoperative Management and Follow-up optic head. Up to four explants, measuring 3-4 mm in No postoperative treatment was given. Eyes were exdiameter, were dissected from the central part of each amined externally daily for the first week. An ophthaleye. Twenty pieces of full-thickness neuroretina were moscopic examination was performed on one occasion, explanted on Millicell-PCF 0.4-µm culture plate in-1-3 days postoperatively. The transplanted animals serts (Millipore, Bedford, MA) with the photoreceptor were killed 72-74 days after the transplantation. The layer facing the membrane. The explants were cultured eyes were enucleated, a cut made at the pars plana, and in Dulbecco's modified Eagle's medium F12 (DMEM/ the eyes were fixed in 4% paraformaldehyde in 0.1 M F12) supplemented with 10% fetal calf serum and main-PB, pH 7.2, for 30 min. The anterior segment was then tained at 37°C with 95% humidity and 5% CO 2 . A mixremoved and the posterior eyecup was fixed in the same ture of antibiotics containing 2 mM L-glutamine, 100 U/ solution for 4 h. After fixation, the specimens were hanml penicillin, and 100 ng/ml streptomycin (Sigma-Aldrich, dled in the same way as the explants fixed directly after UK) was added. The culture medium was changed every culture (see above). All procedures and animal treatment second day. The explants were divided into three groups were in accordance with the guidelines and requirements that were kept for 1 day (26-30 h) in vitro (n = 6), 2 of the Government Committee on Animal Experimentadays (n = 6), and 3 days (n = 8) days in vitro (DIV). tion at Lund University and with the ARVO Statement Control Explants for the Use of Animals in Ophthalmic and Vision Research. To establish the fate of the neuroretinal explants prior to transplantation, specimens from the 1-, 2-, and 3-day Immunohistochemistry cultures were fixed and prepared for histology. For these experiments, culture plate inserts were fixed in 4% para-For immunohistochemical staining, specimens were formaldehyde in 0.1 M phosphate buffer (PB), pH 7.2, incubated with PB saline containing 0.25% Triton X and for 4 h at 4°C. Several rinses in PB followed, and then 1% bovine serum albumin for 15 min at room temperathe specimens were infiltrated with 0.1 M PB containing ture. This was followed by incubation of the slides oversucrose in increasing concentrations, and finally embednight with antibodies raised against recoverin (for labelded for cryosectioning. After serial sectioning on a cryoing of rod and cone photoreceptors; polyclonal; 1:10,000; stat, every 10th slide was stained with hematoxylin and a kind gift from Dr. Chemicon, USA). After incubation, the slides were rinsed and incubated with Texas Red-conjugated anti-Ghosh and Arnér (13)]. In summary, a two-port central vitrectomy, including a posterior vitreous detachment, bodies (1:200) for 50 min, rinsed again, and finally mounted in Vectashield mounting medium (Vector Lab-was performed, after which a local retinal bleb was created in a vessel-free area 2-3 mm superior and nasal to oratories Inc., CA, USA). Control experiments were performing as above, but without the primary antibodies. the optic nerve by infusing Ames medium subretinally.
RESULTS
ies labeled photoreceptors in the ONL, but were fewer in number than in control section ( Fig. 2C, F) . PKC la-Macroscopic Findings beling of all explants showed the normal arrangement of At postoperative day 1-3, the fundus could be clearly bipolar cells in the INL, with axons ending in the inner visualized in all 12 transplanted eyes, and the retina was plexiform layer (IPL) ( Fig. 2H, I) . Labeling with vimenattached in all cases. In 10 of the 12 eyes, a transplant tin and GFAP revealed the normal arrangement of verticould be seen in the subretinal space in the central cal Müller cells with intensely labeled horizontal fibers fundus.
in the NFL (Fig. 2K, L) . In 1 DIV explants, the intensity At dissection, 72-74 days after transplantation, two of labeled fibers was higher in both vertically and horieyes displayed an almost total retinal detachment, and zontally arranged structures, whereas in 3 DIV specithese eyes were excluded from the study. In the remainmens the labeling intensity was lower than in the coning 10 eyes, the host retina was attached, and the transtrol. plant was found in the subretinal space.
Transplanted Cultured Retinas Control Histology
In the eyecup fixed immediately after enucleation, the Light Microscopy. Transplants kept 1 DIV prior to neuroretina displayed an overall structure similar to the transplantation displayed a laminated appearance in two adult human one, with distinct nuclear and plexiform out of four specimens (Fig. 3A, B) . The outer and inner layers ( Fig. 1A ). Cone and rod photoreceptors were well nuclear layers of these grafts were well delineated, but labeled by the recoverin antibody ( Fig. 2A ), while only were somewhat thinner than in the control retina. The cones were labeled by transducin ( Fig. 2D ). Distinct in-IPL, GCL, and NFL were not clearly distinguishable. ner and outer segments were seen. PKC labeling re-Photoreceptors in the ONL showed inner segments, and vealed rod bipolar cells with cell bodies in the inner occasionally also short outer segments. The third transnuclear layer (INL), and axons terminating in the inner plant was partly laminated, but displayed disorganized plexiform layer ( Fig. 2G ). Vimentin-labeled Müller cells cells in its major part. An invasion of small round cells in the normal vertical arrangement were seen throughout was observed in the part of the transplant with disorgathe retina, and these cells also displayed weak GFAP nized cells and in the choroid of the host. The fourth labeling ( Fig. 2J ). Strongly vimentin-and GFAP-labeled transplant had the appearance of a large pigmented scar. fibers were also seen in a horizontal plane along the Two of the three transplants derived from donor tisnerve fiber layer (NFL).
sue kept 2 DIV exhibited disorganized cells in the major part of the transplant, and a limited area of laminated Histology of Retinas Fixed After Culturing retina (Fig. 3C ). The third transplant was composed of dispersed cells without any sign of organization. In two Light Microscopy. All explants cultured for 1 and 2 of the grafts a vast number of small round cells were DIV displayed a laminated architecture with separable observed. In one of these eyes, small round cells broke nuclear layers (Fig. 1B, C) . In these specimens, inner through the host retinal pigment epithelium (RPE). segments could also be observed, but outer segments
In the eyes receiving a neuroretinal graft kept 3 DIV, (short) were only present in 1 DIV specimens. In 1 DIV degenerated transplants were found in all three eyes explants, single pyknotic cells were observed in the (Fig. 3D ). In two of the three grafts, a mass of numerous outer nuclear layer (ONL) and ganglion cell layer (GCL) small, round cells without signs of retinal differentiation but were more frequent the INL. In 2 DIV explants, such was seen in the subretinal space. cells were clearly more frequent in the ONL and INL.
The ONL of all host retinas was markedly reduced All explants kept for 3 DIV displayed a laminated or absent in areas straddling laminated transplants (Fig. architecture with separable layers (Fig. 1D) . The ONL 3A, B). In regions with degenerated transplants, the host consisted mostly of small pyknotic cells, and retracted ONL was less reduced (Fig. 3D ). The OPL was reduced inner segments were seen. The INL displayed several in the host. The hosts' INL, IPL, and GCL were compavacuoles and pyknotic cells. A few pyknotic cells were rable to those of the control. In all hosts receiving a also seen in the GCL.
graft kept 3 DIV prior to transplantation the RPE was Immunohistochemistry. In specimens kept for 1 and hypertrophied and the choroid was absent in the area 2 DIV recoverin-and transducin-labeled photoreceptors straddling the transplant. were seen, with axons terminating in the outer plexiform layer (OPL) (Fig. 2B, E) . The number of labeled cells Immunohistochemistry. In the laminated grafts kept 1-2 DIV, labeling for transducin and recoverin showed was not apparently different from the control. In specimens kept 3 DIV, the recoverin and transducin antibod-photoreceptors with well-distinguished inner segments, axons, and terminals (Fig. 4A, B) . Labeling with PKC In the eyes receiving a transplant kept 3 DIV, dispersed cells labeled for transducin and recoverin could revealed normally arranged rod bipolar cells, with short axons terminating in the IPL (Fig. 4C ). There was no be identified. No cells labeled for PKC were found. As in the degenerated transplants kept 2 DIV prior to trans-apparent ingrowth of rod bipolar axons from the graft into the host. GFAP-labeled Müller cells were seen with plantation, vimentin and GFAP labeling displayed fibers straggling in different directions. the same organization and labeling intensity as in the control retina. No hypertrophy of the Müller cells was
In the host retina straddling the graft, recoverin-and transducin-labeled photoreceptors without inner and seen between the graft and host RPE.
In areas without lamination, dispersed cells labeled outer segments were seen, except in small areas where they had degenerated (Fig. 4A, B) . The axons were for transducin, recoverin, and PKC could be identified. Numerous cells were also labeled for vimentin and shorter than in the control. PKC labeling revealed the normal pattern of bipolar cells in the INL of the host. GFAP and showed intensely labeled fibers straggling in different directions.
Vertically arranged vimentin-and GFAP-labeled cells were found in the host retina, in a pattern comparable to In our study, the adult porcine explants survived well for at least 1 DIV, although after 3 DIV degenerative that in the control. No sign of glial hypertrophy was observed between graft and host in any of the 10 eyes.
changes were obvious. Signs of degeneration included loss of photoreceptor outer segments, which is best explained by the loss of contact with the RPE (23) . An-DISCUSSION other factor affecting the outer segments is the mechani-Adult Porcine Retina in Culture cal trauma induced by the dissection of the RPE from the neuroretina during the preparation of the explants. The literature on tissue cultures of adult porcine retina is not abundant. Winkler and colleagues studied cy-Degenerative processes also took place in the nuclear layers evident by pyknosis and vacuolization. Several toskeletal changes in full-thickness retina, and found severe retinal edema already after 3 DIV (29) . Khodair steps in the culture protocol may help to explain these phenomena. Optic nerve transection invariably results in and colleagues reported very early morphological changes in photoreceptor sheets as well as full-thickness retinal axotomy-related degeneration of ganglion cells (20). Interestingly, axotomy of ganglion cells does not appear explants (19) .
to induce retrograde trans-synaptic degeneration in the phology as seen by immunohistochemistry. This indicates that the in vitro environment provides sufficient support remaining neuronal retinal cells, as shown by Komáromy and colleagues in a very elegant in vivo study (20) .
to sustain at least some of the retinal neurons for several days. Another important factor is related to the transport of nutrients and oxygen. In the preparation of the full-
We have previously shown that embryonic porcine retina in culture can develop well and survive for at least thickness explants, the explant is separated from its natural choroidal and retinal blood supply. One reason for 6 weeks in vitro (8). In the present study, we used the same protocol to culture the adult retina. When compar-the degeneration of retinal cells may thus be reduced nutritive support in the culture environment compared ing the adult retina in culture to the embryonic one, the former is clearly more prone to early degenerative to the in vivo situation (15) . In spite of the degenerative signs seen in explants after 3 DIV, at this time a substan-changes. Adult neuronal tissue from the brain has also been found to be more sensitive to environmental tial amount of neuronal cells was seen to express important proteins, and appeared to retain their normal mor-changes than embryonic counterparts (1, 27) . The under- lying mechanism behind this discrepancy is not yet fully a static structure. Several reports have indicated a potential inherent plasticity in the adult retina in response to understood. various conditions (9, 21, 22) . We did not find any obvi-Transplanted Cultured Adult Retina ous bridging of rod bipolar or photoreceptor fibers between graft and host. However, some of the transplants A surviving transplant is the first prerequisite for improving vision after a retinal transplantation. However, were in very close apposition to the host and appeared on the hematoxylin and eosin slides to have fused. Fur-processing of visual information in the neuroretina is highly dependent on the precise organization of retinal ther studies on other retinal interneurons are therefore warranted. neurons (24). Obtaining a laminated morphology in the transplant is therefore advantageous. An abnormal reti-Conclusions nal organization, so-called rosette formation, is a problem associated with the use of immature fragmented Cultured adult porcine full-thickness retina displays early degenerative changes, but many of the cells can tissue in transplantation experiments as well as in immature retinal cultures (5,6). The current trend in neuronal survive for several days. Retinas kept in culture for 2-3 days survive transplantation poorly, whereas explants transplantation experiments is, however, to move towards even more immature donor tissue, with stem cell kept 1 day in vitro can survive and retain their laminated morphology after more than 2 months. This indicates the grafting at its pinnacle. The rationale for this is that the multipotency and plasticity of noncommitted cells will possibility of safely storing adult donor tissue between harvest and transplantation in a clinical setting. It may assure its desired differentiation and also facilitate neuronal contacts with host neural elements. One objection also be possible to use the culture system as a tool for manipulating retinal donor tissue prior to transplanta-that can be raised against this paradigm lies in the complexity of neural development. Both migration of deter-tion. mined neurons and dendritic and axonal path finding are ACKNOWLEDGMENTS: This study was supported by the dependent on neighboring cells, especially glia (25). The stage cannot be reproduced in vitro. In this setting, the use of adult donor tissue may offer an advantage, in that the neuronal architecture is already established.
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